L1 0 -disorder phase boundaries for Fe-Pd system are calculated by combining first-principles FLAPW electronic structure calculation with Cluster Variation Method. The total energy calculation at the ground state well predicted the global tendencies of the phase diagram. The calculated transition temperature of L1 0 -disorder based on the free energy formulated by Cluster Variation Method is in good agreement with experimental one. The incorporation of thermal vibration effects further improves the agreement. The shift of the congruent composition from the stoichiometry is, however, not realized by the present calculation.
Introduction
Recently, a Fe-Pd phase diagram was calculated 1, 2) based on a phenomenological method by combining experimental Lennard-Jones type pair interaction energies with entropy term evaluated by Cluster Variation Method 3) (hereafter abbreviated as CVM). The disorder-L1 0 transition temperature was reproduced with high accuracy, and the incorporation of tetragonal distortion further improved the result. The advantage of the phenomenological calculation is that one can avoid laborious electronic structure calculations and easily extend the scheme to multi-component alloys whenever experimental data of heats of formation and lattice constants are available. In fact, the phase diagram calculation described above was performed as an initial step of a series of calculations for Fe-Pd-X ternary alloy systems, for which the L1 0 ordered phase coherently precipitated within a lath martensite in a high Chromium ferrite matrix has been expected to improve creep strength at elevated temperatures. 4) The need to replace expensive Pd by other element(s), X, demands the information of a ternary phase diagram. The expandability of the scheme to a ternary system, therefore, is an essential condition for the phenomenological calculation.
From the basic physics point of view, however, such a phenomenological calculation is not fully justified. There are a number of reasons, and most of them are related to phenomenological Lennard-Jones type pair potential. First off, Lennard-Jones parameters to be determined heavily depend on the experimental data of lattice constants, heats of formation etc at the ground state. However, the experimental measurement of these quantities are generally performed at a finite temperature and they are not reliably extrapolated toward 0 K. Secondly, one may not fully exclude the significance of many body interaction energies and distant pair interaction energies in the cohesive properties. The contributions of these energies beyond pair interactions should be carefully examined. Finally and most importantly, the phenomenological calculations by no means clarify physical origins of the phase stability of Fe-Pd system characterized by three features, (i) the broad phase separation in the Fe-rich region, (ii) the appearance of two ordered phases with L1 0 and L1 2 structures near 1:1 and 1:3 stoichiometric compositions, and (iii) the shifting of congruent composition of L1 0 ordered phase towards Pd-rich portion.
In order to clarify the electric origins of these features, we recently attempted 5) a preliminary study on the ground state energetics of Fe-Pd system based on FLAPW electronic structure total energy calculations. The results clearly suggest that both FePd(L1 0 ) and FePd 3 (L1 2 ) have negative heats of formation with reference to the segregation limit, confirming the appearance of these phases as a stable phase. While Fe 3 Pd(L1 2 ) has positive heats of formation, hence together with the large positive value of heats of formation of a random solid solution, the phase separation in the Fe-rich region is also suggested. Thereby, the electronic structure total energy calculations clearly reproduced the essential features of the phase diagram. Furthermore, the analysis of the Density of State (DOS) provided some clue to understand the electronic origin of the phase stability of the system. Following these calculations, it is quite a natural task to combine FLAPW electronic structure calculation with CVM entropy calculation to obtain the phase diagram from the first-principles. In fact, such an attempt has been applied to various alloy systems by many people including one of the present authors [6] [7] [8] [9] [10] [11] and, more recently, to Fe-Pt system by the present authors. 12, 13) The present investigation traces the same schemes. Among ordered phases, the present study focuses on L1 0 -disorder phase boundary. This is because, as described above, the original motivation of the present study is to investigate the creep strength caused by the coherent L1 0 precipitates.
The organization of the present report is as follows. In the next section, we review theoretical aspects and calculations procedure, and some of the results reported in the Ref. 5) are reproduced. In the third section, we demonstrate calculated phase boundaries of L1 0 -disorder. The discussion focuses on two points; one is mechanical stability of the disordered solution which provides a clue to understand the phase separation, and the other is the effect of thermal vibration on the transition temperature which are evaluated by the DebyeGruneisen model.
Theoretical Calculation
2.1 Total energies and effective cluster interaction energies The essential part of the energy calculations in the previous report is reviewed and summarized in the following. First, we employed spin polarized FLAPW 14) within the generalized gradient approximation (GGA) 15) to obtain the total energies E Fe 4Àn Pd n ðrÞ for Fe 4Àn Pd n as a function of lattice constant r, where n is an integer value from 0 to 4. The particular atomic arrangements we studied are fcc for n ¼ 0 and 4, L1 2 for n ¼ 1 and 3 and L1 0 for n ¼ 2, and magnetic spin configuration assumed is ferro for Fe. Among these, both FePd and FePd 3 are found as stable phases in the equilibrium phase diagram, whereas Fe 3 Pd is a hypothetical phase which does not appear in it. In view of the fact that the most stable ground state of Fe is the bcc-Fe with ferro magnetic state, we also performed the additional calculation to obtain E bcc Fe 4 ðrÞ. It is noted that, since our main interest is fcc-based phases, fcc structure is meant for Fe throughout this study unless ''bcc'' is specified.
With total energies E Fe 4Àn Pd n , the heats of formation ÁE n is obtained as,
where r 4 and r bcc are the equilibrium lattice constants at which the total energies of E Pd 4 for Pd 4 and E is the energy for 4 atoms. The operation given in eq. (1) introduces the segregation limit as an energy reference state. The resultant ÁE n is fitted in the Lennard-Jones type potential expressed as,
The results are demonstrated in Fig. 1 . 5) Drawn by a thin line in Fig. 1 ðrÞ which defines the energy reference state of Fe 4 . We note that the calculated lattice constant of bcc-Fe is 5.36(a.u.) which is quite small as compared with those of the other fcc-based phases. In order to facilitate the comparison of heats of formation of all the phases, we converted this value to a fcc-equivalent keeping the same atomic volume. One confirms that the total energies of FePd and FePd 3 are negative with reference to the segregation limit, indicating the stabilization, while that of Fe 3 Pd is positive implying the destabilization. All these agree with the equilibrium phase diagram. It is noted that non-polarized calculations provide positive heats of formation for all the ordered compounds. 5) These indicate the importance of magnetism for the phase stability in this system. It is pointed out that the tetragonal distortion is associated with L1 0 ordered phase. Then, the total energy is also calculated as a function of tetragonality ¼ c=a for FePd, where a and c are the lattice constants along x (and y) and z axes, respectively. The minimum energy is found at % 0:99 which is in good agreement with experimental value of %0:97. 16) In view of the closeness to the unity of calculated , we neglect the tetragonality in the following calculations.
Then, the Cluster Expansion Method (hereafter CEM) 17 ) is employed to extract effective cluster interaction energies, m ðrÞ, up to a nearest neighbor tetrahedron cluster. The key ingredient of the CEM is that a configuration-dependent energy ÁE n ðrÞ can be expanded in terms of a set of correlation functions f n m g,
where m specifies a cluster and n m is the correlation function 18, 19) defined as
where p k is the spin operator which takes either þ1 or À1 depending upon A or B atom located at the lattice point specified by p k involved in the m-point cluster of a phase n, h i suggests the ensemble average and E max specifies the upper limit of the expansion. Note that m ¼ 0 corresponds to a null cluster. Although mathematical details are not provided in this report, it is proved 20) that the set of correlation functions spans the orthonormal bases in the thermodynamic configuration space, assuring the validity of the present expansion.
In the previous report, 5) it was demonstrated that the matrix of correlation functions f n m g constitutes 5 Â 5 regular matrix. Hence, the matrix inversion of eq. (3) yields the effective cluster interaction energies,
Figure 2 5) shows the resultant effective cluster interaction energies. One sees that many body interactions such as three body and four body interactions are quite small as compared with the pair interaction energy, suggesting that the cohesive properties of the system is dominated by the central force. Also, quite importantly, the smallness of the three body and four body interactions indicates that the convergence is guaranteed for the present expansion.
In the limit of a complete random solid solution, m-body correlation function is given as the m-tuple product of point correlation function, 
As will be shown in the next section, 1 is linearly related to the concentrations. Hence by substituting eq. (6) into eq. (3) followed by minimization with respect to r, one obtains the concentration dependence of heats of formation, ÁE rand , of a random solid solution. It was indicated 5) that ÁE rand is positive in the Fe-rich region up to nearly 65% Pd. Together with the positive heats of formation of Fe 3 Pd, positive ÁE rand corresponds to the large miscibility gap found in the Fe-rich region in the phase diagram.
Cluster variation method and free energy
Among various theoretical methods proposed for the entropy calculations, Cluster Variation Method has been recognized as one of the most reliable theoretical tools. The level of the approximation in the CVM is specified by the largest cluster, S max , considered in the entropy formula. The series of S max constitutes a hierarchy structure, and the bigger the largest cluster is the better result one can expect. However, the bigger S max demands a larger number of configurational variables and the resultant equations become cumbersome. The choice of S max is, therefore, made by the trade-off between the accuracy and the economy of calculations.
It is well known that the minimum meaningful S max for a fcc-based lattice is the nearest neighbor tetrahedron cluster and the entropy formula is termed tetrahedron approximation. 21) In fact, various first-principles calculation proved that the tetrahedron approximation provides quite reliable results for the phase equilibria involving L1 0 , L1 2 and disordered phases which are the main concern of the present study.
The entropy formula for a disordered phase within the tetrahedron approximation is described as
where k B is the Boltzmann constant, N the total number of lattice point, x i , y ij and w ijkl are, respectively, the cluster probabilities of finding atomic configuration specified by subscripts on the point, pair and tetrahedron clusters. For an ordered phase, the distinction of sub lattices is required and the above formula is modified. The explicit formula are provided elsewhere. 21) It is noted that the cluster probabilities are not mutually independent but are interrelated through normalization and geometrical conditions. This is in marked contrast with the correlation functions introduced in the previous section. However, we note that a cluster probability is obtained by the linear transformation of the set of correlation functions. Instead of detailed mathematical discussions, we simply provide the following relationships, and interested readers should consult the original articles.
10)
and
where i; j; k and l take either þ1 or À1 for A and B, respectively. By combining internal energy and entropy, one can obtain the free energy,
In general, the range of atomic correlation exceeds that of the atomic interaction, hence in the course of constructing the free energy functional, the condition of E max 2 S max should be satisfied. Otherwise, the internal consistency of the free energy might not be guaranteed. We note that E max in eq. (11) is four (tetrahedron) and, therefore, the condition is observed. As was mentioned above, cluster probabilities are linearly related to a set of correlation functions. Hence, the free energy F in eq. (11), can be formerly written only as a function of correlation functions, FðT; f j g; f i gÞ under a given temperature T and a set of effective interaction energies f j g. In the present study, we further performed Legendre transformation on F with respect to a point correlation function, 1 , and derived the grand potential in the following form,
where eff is the effective chemical potential defined as the difference of chemical potential of Fe and Pd, and is the conjugate variable of point correlation function. Hence, the grand potential is symbolically written as ðT; eff ; f j ðrÞg; f i6 ¼1 gÞ.
We neglect local distortion and only global uniform Hence, the lattice constant r and volume V are uniquely related. Furthermore, since all the effective cluster interaction energies f j ðrÞg are determined once the lattice constant r is specified as was shown in Fig. 2 , is further rewritten as ðT; eff ; VðrÞ; f i6 ¼1 g). Then, the equilibrium state is determined by minimizing the grand potential through
These minimizations can be carried out by Newton-Raphson procedure. In the present study, however, the Natural Iteration method 21) is employed by imposing Lagrange multiplier.
It is worth pointing out that, under a given stoichiometric composition at the ground state, a particular atomic arrangement with ferro (or anti-ferro) magnetic spin configuration of Fe is the equilibrium state. And the ordered atomic and magnetic configurations are individually disordered at two different temperatures, order-disorder transition temperature T t for the former and Curie temperature T C for the latter. In the present calculation, however, atomic and magnetic interaction energies are effectively renormalized in the internal energy term given in eq. (3) (equivalently eqs. (1) and (2)), and no separation is attempted. This may affect the estimation of T t described in the next section. In order to separate the atomic and magnetic interactions, one need to deal the up spin-Fe and down spin-Fe as different species, followed by the CEM on a set of different magnetic configurations with the same atomic configuration at a fixed stoichiometric composition. Such a calculation remains as a future work.
Results and Discussion

L10-disorder transition
The disorder-L1 0 phase boundary is calculated and the result is shown in Fig. 3 by a solid line. In this calculation, the phase boundary was obtained as the equality of the grand potential, dis ¼ L10 , in the À T space and then it was converted to C À T space where C represents the concentration of Pd ie x Pd . The calculated value of the transition temperature T ¼ 1080 K at congruent composition is in a fairly reasonable agreement with the experimental value of 1023 K.
In order to examine the transition behavior, we also calculated the temperature dependency of Long Range Order parameter which is defined as the difference of concentration of Fe between two sub-lattices of L1 0 ordered phase. The result is shown in Fig. 4 . One sees that the Long Range Order parameter shows discontinuous change at the transition temperature, which is the characteristic feature of the firstorder transition.
The congruent composition, however, is not well reproduced in the present study. The experimental congruent composition shifts away from 1:1 stoichiometric composition towards the Pd-rich region, 22) while the calculated composition stays at 1:1 stoichiometry. The possible electric origin of the shifting is discussed in the previous paper 5) based on DOS, but further investigations including experimental reconfirmation of the phase diagram are needed before drawing a conclusion. It is also noted that the recent calculation of Fe-Pd system by Ghosh et al. 23) reproduced this nature quite satisfactorily, however their scheme is the thermodynamic optimization of available data and the clue to this shifting is not well clarified.
Phase separation
The positive heats of formation of Fe 3 Pd obtained at the ground state (Fig. 1) assures only the relative instability of this particular ordered phase and does not provide an origin of the phase separation in the Fe-rich region. In order to obtain further insights, we calculated Pressure-Volume curve (hereafter P-V curve) which is theoretically derived as the second order derivative of the free energy functional with respect to the volume, First-Principles Calculation of L1 0 -Disorder Phase Boundary in Fe-Pd System
By substituting grand potential for a disordered phase dis , one can derive P-V curve at a given temperature T. The results are demonstrated in Fig. 5 in which the horizontal axis is lattice constant r instead of volume V. Although the conversion V ¼ r 3 is readily performed, a quantitative argument is not our main interest and the essential features of the following discussions are not hampered without conversion. It is noted that a volume at the intersection with the horizontal axis ie. P ¼ 0 ¼ $ P ex corresponds to the equilibrium volume. A characteristic feature of the present P-V curve is that the curve does not behave monotonically and three equilibrium volumes are encountered below about 3000 K. Among these three, the central one is unstable equilibrium volume characterized by the slope, @P=@V > 0, implying that the volume fluctuation causes further expansion or contraction until the system separates into the other two equilibrium volumes V L ðr L Þ and V R ðr R ÞðV L < V R Þ at which @P=@V < 0, known as the Mechanical stability criterion, is satisfied. It is noted that the equilibrium lattice constant of L1 0 is 7.20 a.u., and this approximately corresponds to V R ðr R Þ. Hence, one confirms that the wide range of phase separation in the Fe-rich portion is caused by the breakdown of Mechanical stability criterion.
Lattice vibration effects
In the present study, it is assumed that the cubic lattice symmetry is preserved all over the lattice points, and the volume is optimized through eq. (14) for which the atomic interactions in the grand potential are estimated at the ground state. Hence, the resultant lattice is at an un-relaxed state in the following two senses. The one is due to the neglect of the local lattice distortion which is anticipated to be pronounced for a system consisting of the elements with large difference in atomic size. The other is the neglect of lattice softening at finite temperatures, which is manifested by the reduction of the curvature of the heats of formation curve. In the spirit of CVM, one of the possible schemes to introduce local lattice distortion effects is to employ Continuous CVM 24, 25) which explicitly takes the local breaking of the global lattice symmetry into account. Unfortunately, however, not fully satisfactory calculations have been reported yet for a three dimensional lattice. Hence, in the present study, we examine the effects of lattice softening on the phase stability by introducing the vibrational free energy based on the prescription proposed by Becker et al. 26) which is further traced back to Morruziet et al.
27) The essential points necessary for the present report are reproduced below.
The free energy of each phase n including electronic and vibrational contributions is expressed as ÁF ðnÞ ðr; TÞ ¼ ÁE 
where Â ðnÞ D is the Debye temperature, DðxÞ the Debye function and k B is the Boltzman constant, and the first term of the vibrational energy represents the zero point energy.
In order to obtain necessary quantities to describe vibrational effects such as Debye temperature, by following the original prescription of Morruzi et al., 27 ) the total energy given by eq. (1) is fitted into Morse potential in the following form
where A; D; and r 0 are fitting parameters. The derived parameters are listed in Table 1 . Although the comparison is not demonstrated in the present report, it was confirmed that the original Lennard-Jones type potential energy curve in Fig. 1 and the resultant Morse potential curve coincide perfectly for each phase over the lattice constants of interest. Note that it is easily verified that the lattice constant r min corresponding to minimum energy ðÁE el Þ min is equivalent to r 0 , and this is related to Wigner-Seitz radius r WS through
With these fitting parameters, Bulk Modulus B, Debye temperature Â D and Gruneisen constant 0 are derived as Table 1 . The obtained B, Â D and 0 are tabulated in Table 2 together with the ones derived by Murnaghan's 28) prescription and available experimental data from literature. 29) One sees that the agreements are quite reasonable. Although the experimental data of Gruneisen constant are not available, it is well known that the Guneisen constant falls between 1.0 and 3.0 for most solid. Hence, the present results are believed to be reasonable.
The vibrational free energies of five phases (ÁF Fe 4Àn Pd with n ¼ 0{4) are calculated via eq. (16) and the results at T ¼ 900 K are shown in Fig. 6 . It is noted that, in this figure, bcc-Fe is omitted and the segregation limit is defined with fcc-Fe(fm) and Pd. As compared with those at the ground state in Fig. 1 , one can recognize three characteristic features. One is that the entire curve shifts downward, which is due to the vibrational entropy. Secondly, the entire curves shift in the right hand direction. This indicates the lattice expansion which will be further examined shortly. Finally, the curvature at the bottom decreases, which suggests the softening of the lattice and is expected to affect the phase stability.
By tracing r min which is the lattice constant at the minimum of ÁF Fe 4Àn Pd n for each temperature, one can obtain the temperature dependency of lattice constant. Then, the Coefficient of Thermal Expansion (hereafter CTE), , defined as
is calculated for each phase. It was confirmed for all the phases that the CTE increases sharply in the low temperature region followed by a steady rate of increase, which is a typical behavior. The CTE at 900 K is listed in Table 3 for each phase. One sees that the CTE is largest for Fe 3 Pd followed by FePd and, then, all other three phases are nearly the same. Since Morse parameters D and represent the depth and inverse of width of the potential well, respectively, one may expect that large D and small result in small CTE. As demonstrated in Tables 1 and 3 , this consideration provides roughly the correct order of CTE, but we further examine the physical meaning of CTE within the Morse potential in the light of primitive theory proposed by Kittel. 29) The atomic potential energy at a displacement from the equilibrium position is given as 
FePd Pd
Lattice Constant, a.u. 
where 2 is the harmonic term, 3 represents the asymmetry of the potential curve, 4 accounts for the softening of the vibration at large amplitudes and f ; g and m are coefficients for each term. The average displacement is calculated by using Boltzmann distribution function and is obtained by
Hence, CTE is written as
When the Morse potential ÁE el ðrÞ in eq. (19) is regarded as U in eq. (25) and is expanded in terms of ¼ r À r 0 , the coefficient terms in eq. (25) can be related to Morse parameters through f ¼ D Á 2 and g ¼ D Á 3 . Therefore, the substitution into eq. (27) yields
Hence, one can see that CTE is inversely related to the product of r 0 Á D Á . As is shown in Table 3 , this agrees with the calculated CTE. Finally, in order to derive a phase diagram, Cluster Expansion is performed on the vibrational free energies, and temperature dependent effective interaction energies are derived by the inversion of the following matrix formula, 
ÁF
This corresponds to eq. (5), but the essential difference is that the resultant effective cluster interaction energies m ðr; TÞ are temperature dependent, which is expected to introduce lattice vibration effects into the calculated phase diagram. With these effective interaction energies, one can follow the same procedure to obtain the grand potentials for both disordered and L1 0 ordered phases, and the phase boundary is calculated. Note that the segregation limit as the energy reference state changes at each temperature.
The result is shown by broken line in Fig. 3 . One sees that the transition temperature at the congruent composition is 1030 K which further approaches the experimental value as compared with 1080 K for which the lattice vibration is not considered. The decrease of the transition temperature is due to the relative enhancement of the stability of a disordered solid solution in which part of the elastic energy associated with resolving the elements in two different sizes is relaxed by the lattice softening.
The shifting of the congruent composition, however, is not realized in the present study. This point should be clarified in the future by examining the pure effects of local distortion. We also point out that the separation of the magnetic interaction energies from the total energies and incorporating the magnetic entropy are key to understand the shifting of congruent composition.
